Aims: To describe the fitting of patients with high or irregular astigmatism following penetrating keratoplasty with contact lenses and to answer the question whether or not contact lenses with special back surface design can improve visual acuity in complex cases after penetrating keratoplasty. Methods: 28 eyes were included. They were fitted with contact lenses with a special back surface that was designed for optical rehabilitation after penetrating keratoplasty. Four different types of these lenses (tricurve, keratoconus, reverse, oblong) were used selectively depending on abnormal eccentricity determined by videokeratoscope. The patients were followed up for an average period of 15.5 months. Lens tolerance and corrected visual acuity were evaluated and compared with that corrected with spectacles. Results: The visual acuity was significantly improved in nearly all eyes with an average increase of 3.6 lines (maximal nine lines) accompanied by good contact lens tolerance and satisfactory contact lens fit. No noticeable complications were observed. Conclusion: Contact lenses with special back surface design can improve visual results and lens tolerance, and minimise problems in contact lens fitting. This is in favour of contact lenses as an alternative to surgical procedures for correction of high or irregular astigmatism after penetrating keratoplasty. This procedure is recommended especially in cases of patients who decline further operative interventions. P ostoperative astigmatism is the main reason for unsatisfactory visual results after grafting. Various studies have shown that the number of grafts with (3D of astigmatism 2 years after transplantation ranges between 27% and 34%, depending on the indication for corneal grafting.
P
ostoperative astigmatism is the main reason for unsatisfactory visual results after grafting. Various studies have shown that the number of grafts with (3D of astigmatism 2 years after transplantation ranges between 27% and 34%, depending on the indication for corneal grafting. 1 2 To achieve visual benefit and binocularity there is a strong necessity for optical or operative correction of the postoperative high astigmatism. A number of surgical and non-surgical approaches have been taken to reduce postoperative irregular astigmatism.
Surgical options for dealing with cylindrical error were already developed 40 years ago. 3 4 Suture adjustment or selective suture removal are the first option to reduce the postoperative astigmatism. [5] [6] [7] [8] [9] In regular astigmatism with a well defined steep axis relaxing incisions may be beneficial. However, they are limited by the common undercorrection following a suboptimal predictability. 1 10-13 For relaxing incisions the spherical equivalent should not exceed 1.5 dioptres. Relaxing incisions are followed by a flattening of the steep meridian and a steepening of the flat meridian (coupling effect). Thus, additional correction of the arising spherical refraction error may be necessary. 13 14 There are many approaches to correct post-keratoplasty astigmatism using an excimer laser. [15] [16] [17] [18] In myopic astigmatism up to 6 dioptres a two step LASIK procedure can be performed. [19] [20] [21] [22] [23] Although excimer laser treatment of higher degrees of astigmatism (beyond 6D) is possible, the attempted correction of higher degrees of astigmatism may expose the patient to a regression of astigmatism, poor qualitative visual outcome, and even loss of several lines of best corrected visual acuity (BCVA). 19 In high astigmatism of more than 8 dioptres and in cases of cataract the implantation of a toric posterior chamber lens through a clear cornea incision at the steep axis should be preferred. [24] [25] [26] In cases of irregular astigmatism, caused by an irregular transplant surface, correction by means of an excimer laser assisted by sodium hyaluronidate may be possible. 27 28 Complications, such as remaining astigmatism, much higher incidence of grade III to IV haze formation in the graft, and even corneal graft rejections, are mainly described after surface ablation using different excimer lasers. 15 29-31 All these surgical procedures, except for suture adjustment or selective suture removal, should be performed 3 months after removal of the keratoplasty sutures at the earliest and depend on stable conditions. 31 The non-surgical approaches to the management of postkeratoplasty astigmatism include spectacles and different groups of contact lenses. Especially in those patients with high or irregular astigmatism and anisometropia sufficient visual rehabilitation can often not be achieved with spectacles. In these cases contact lens fitting is a good option.
Among the different kinds of contact lenses a rigid gas permeable lens may be the correction of choice, since this type of lens provides good visual acuity, corrects high degrees of regular and irregular astigmatism, has high oxygen permeability, and, in comparison with soft contact lenses, a lower risk for microbial keratitis (incidence 1/10 000) and for corneal neovascularisation. [32] [33] [34] Because of the special conditions after grafting, leading to changes in the corneal shape especially at the scar between graft and host cornea, in most cases only rigid gas permeable contact lenses with a special back surface design can lead to optimal fit and visual results. 2 35-37 The aim of this study was to determine the special corneal conditions after penetrating keratoplasty using videokeratoscopic indices and to clarify which special back design may be used selectively and whether or not fitting of special back surface designed contact lenses can improve visual acuity in complex cases of high or irregular astigmatism after penetrating keratoplasty.
PATIENTS AND METHODS

Data evaluation
A retrospective chart review was conducted of all patients who were fitted with specially designed contact lenses following penetrating keratoplasty between January 2000 and April 2004. The data analysis of 28 eyes in 21 patients, 13 males and eight females, included age, previous ophthalmic history, corneal disorder, time from keratoplasty to contact lens fitting, preoperative visual acuity, postoperative best corrected visual acuity with spectacles, postoperative best corrected visual acuity with contact lens, contact lens back surface design, and follow up time. Corneal curvature, eccentricity (e), Fourier indices, and Zernike-coefficients were performed with the Oculus computerised videokeratoscope (Oculus, Wetzlar, Germany; Software Version 1.64).
Anterior surface of the cornea The anterior surface of the cornea has a complex shape. 38 39 To analyse this shape statistically based on its videokeratographic colour coded map, different quantitative parameters, such as Fourier series harmonic analysis, 40 Zernike polynomials, [41] [42] [43] [44] [45] or calculation of topographic disparity (TD) 46 by vectorial values have been developed in order to quantify the corneal irregularity. The quantification of the irregular astigmatism by calculation of topographic disparity is very useful and manageable for surgical treatment of irregular astigmatism. 47 Fourier harmonic series analysis is an efficient, quantitative means of describing corneal irregular astigmatism. [48] [49] [50] [51] [52] [53] [54] [55] Fourier series harmonic analysis
Using Fourier series harmonic analysis we can decompose corneal topography data into a series of trigonomic functions Age, follow up time, and time between keratoplasty and first contact lens fitting are giving as means. The group of tricurve contact lenses is subdivided into one group without bitoric design (6) and one with bitoric design. The front toric design, which does not influence the back design but can improve the refraction, is part of the tricurve lenses.
and thereby quantify each component, such as the spherical power, the regular astigmatism, asymmetry, and higher order irregular astigmatism. 41 There are 21 rings for each image. Dioptric powers on a mire ring i, F i (s) were transformed into trigonometric components of the following form 41 48-51 : F i (s) = a 0 +c 1 cos(s2a 1 )+c 2 cos2(s2a 2 )+c 3 cos3(s2a 3 )+… +c n cosn (s2a n ) The resulting components of all rings are regrouped and displayed in separate images, where zero order (a 0 ) is the spherical equivalent, first order (2c 1 ) is the asymmetry component (tilt or decentration), second order (2c 2 ) is the regular astigmatism component and third and higher orders (c 3…n ) are the higher order irregularity component. Among these, spherical equivalent power a 0 and regular astigmatism (2c 2 ) can be corrected by a spherocylindrical lens, while the remaining components (2c 1; c 3…n ) cannot. 2c 1 and c 3…n represent corneal irregular astigmatism.
The normal range of the Fourier indices are defined as the mean (2 SD) in normal eyes as described at Tanabe et al, which are 40.81-47.13D for spherical power, 0-1.04D for regular astigmatism, 0.02-0.68D for asymmetry, and 0.05-0.17D for higher order irregularity. 50 
Zernike coefficients
Optical aberrations of the human eye have a major role in the degrading retinal image quality. 41-45 56 They are typically described in terms of wavefront error. Wavefront error is the difference between the ideal wavefront and the actual wavefront error of the optical system. Such deviations are commonly classified by means of Zernike polynomials. 45 Among this group, the Zernike coefficients from the third to the sixth order describe the higher order aberrations (HOA), which are related to symptoms such as halo, glare, and decreased contrast sensitivity. 56 57 There is a wide individual variability in anterior corneal aberrations and this is also influenced by age related changes. 56 57 From the Zernike coefficients, we calculated the root mean square (RMS) of higher order aberrations (HOA, square root of the sum of the squared coefficients of orders 3 up to 6). The normal range of the HOA RMS error is defined as the mean (2 SD) in normal eyes as described by Wang et al, which is 0.234-0.857 mm.
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Eccentricity
The application of mathematical equations for an ellipse is very useful and manageable for contact lens fitting. A common approach is to use the central radius of the ellipse on the one hand and the eccentricity, e, the shape factor, p, or the asphericity, Q, on the other hand. 58 59 These factors describe the changing of the radius towards the periphery. The shape factor p and the asphericity Q are results of further calculations using the eccentricity e. 1A) we reached an improvement of visual acuity of three lines with a good contact lens fit. Remaining astigmatism after the first fitting was corrected by an additional front toric design. (patient 11 in  table 2 ). In this case for optimal contact lens fit we chose a bitoric tricurve design mostly independent of the eccentricity. We achieved an improved visual acuity of four lines with a good contact lens fit.
A specific eccentricity is calculated especially in eyes after penetrating keratoplasty. 2 The eccentricity increases in size in cases of a steep graft and a flat recipient's bed. In these cases we always find a positive eccentricity, in some cases greater than 1. The eccentricity decreases in cases of a flat graft and a steep recipient's bed. In these cases the eccentricity can be lower than 0.3 up to a negative eccentricity.
Nearly all commercially available contact lenses are evaluated by eccentricity.
Contact lens fitting and anterior surface of the cornea Depending on the central curvatures and the eccentricity of the corneas we selected the back surface design of our contact lenses. Four different kinds of special back surface contact lenses were fitted. All contact lenses were made of rigid gas permeable (RGP) material.
Tricurve design (fig 1A)
This is the contact lens that we fit if the eccentricity is between 0 and 0.4. The back surface design of the contact lens consists of three curves. The peripheral radius r 2 is 0.8 mm smaller than the central radius r 0 ; radius r 1 connects r 0 and r 2 . Tricurve designed lenses are the only contact lenses with special back design that can be used in affiliation with a torical back design.
Keratoconus design (fig 1B)
This kind of back surface design can be fitted if the eccentricity is greater than 0.7. The difference between r 0 Figure 6 (A, B) Videokeratography in a case of extremely steep host and high central astigmatism (patient 26 in table 2). With a reverse designed lens (oblong; fig 1C) we reached an improvement of visual acuity of three lines limited by a cataract. The contact lens fit was tolerable. in table 2 ). We fitted a keratoconus designed lens ( fig 1B) and achieved an improvement of visual acuity of two lines with a good contact lens fit. and the peripheral radius r 2 is bigger and the periphery r 3 is very flat.
Tetracurve reverse design (fig 1C)
The second zone r 2 of this design is significantly steeper than the central radius r 0 . This is the derivation of the term reverse. We have a second reverse zone r 3 which is flatter than the first reverse zone r 2 , but steeper than or equal to the central radius r 0 . We use this contact lens in case of negative eccentricity, especially if the patient has high central astigmatism.
Oblong design
This is also a reverse designed lens and is comparable to the tetracurve variation, but the periphery becomes aspheric instead of tricurve. The eccentricity of the oblong design can change from 20.4 to 20.9.
We also fit this kind of contact lens in cases of negative eccentricity.
Backtoric and bitoric design
In cases of regular astigmatism from the central graft up to the periphery of the host the choice of backtoric or bitoric design can improve the fit of the contact lens and additionally correct remaining astigmatism. In these cases the role of eccentricity is minimised. Table 1 shows the profile and the classification of the 28 patients and the kinds of contact lens fitted. In none of these patients could we fit a contact lens with regular back surface design because of problematical corneal conditions after penetrating keratoplasty. The mean follow up time was 15.5 months and the time between keratoplasty and the first contact lens fitting was 42.5 months. In 19 cases both sutures were removed, in two cases one suture was removed, and in seven patients the sutures were in place. In all patients the eccentricity e was outside 0.5-0.7 and in 17 cases the eccentricity was negative. Depending on this eccentricity and on individual conditions we fitted 11 tricurve contact lenses (fig 2A and B) , of which five were bitoric ( fig 3A and  B) , three contact lenses with keratoconus design (fig 4A and  B) , and 14 reverse contact lenses, of which 10 with a tetracurve design and four an oblong design (figs 5 and 6A and B). In addition, a front toric design was necessary in one patient. All values out of the normal range are in italics. All means of the Fourier series harmonic analysis and of the HOA RMS are out of the normal range. The irregular astigmatism within the Fourier series harmonic analysis (asymmetry and higher order irregularity) is out of the normal range in all patients. Reg ast 3 mm, central regular astigmatism; Reg ast 6 mm, peripher regular astigmatism. HOA RMS error, root mean square error of the higher order aberrations (third to sixth order). Table 2 summarises the keratometric data and table 3 the data of contact lens fitting on all patients. All patients had had an increased irregularity of the anterior cornea. Using Fourier series harmonic analysis 16 eyes (57.2%) had spherical power out of the normal range, 27 eyes (96.4%) had central and peripheral regular astigmatism out of the normal range and all eyes (100%) had irregular astigmatism (asymmetry and higher order irregularity) out of the normal range. Using Zernike coefficients eight eyes (28.8%) had HOA RMS error out of the normal range.
Patients
RESULTS
In all 28 cases good visual rehabilitation was achieved with an increase in visual acuity of up to nine lines and good contact lens tolerance (CL tolerance without any disturbances for 6 hours/day). In all patients it was possible to improve the visual acuity in comparison with best corrected visual acuity with spectacles ( fig 7) . The minimum improvement was one line. In two cases of monocularity in which keratoplasty on the second eye was planned the fitted contact lens led to less improvement of the visual acuity, as in one patient with high ametropia fitted with a lens to achieve binocularity. In two cases in which vision improved only minimally the reason was amblyopia, in another case a cataract and in a fourth case persisting mydriasis. We were able to achieve a satisfactory contact lens fit and we did not observe severe contact lens complications during follow up period.
DISCUSSION
Contact lens fitting has an essential role in visual rehabilitation in cases of irregularities of the corneal surface following penetrating keratoplasty and is an alternative to surgical procedures, especially in patients who decline further surgical interventions or wish transient improvement of visual acuity before further interventions are necessary.
Nevertheless, the problematic anterior corneal surface after penetrating keratoplasty can make it very difficult to achieve a sufficient correlation between anterior surface of the cornea and back surface of the contact lens and, as a result, improved visual acuity and good contact lens tolerance.
The circumstances, that in all of the examined eyes the irregular astigmatism was out the normal range and in 14 eyes (50%) all Fourier indices were out of the normal range, demonstrate the specific corneal conditions after penetrating keratoplasty and confirm several quantitative studies on the corneal irregular astigmatism after penetrating keratoplasty. 60 61 The selected lens design depends strongly on the eccentricity e. We fitted a tricurve design lens (fig 1) in cases of 0(e(0.4; a keratoconus design in cases of 0.7(e(0.9; a reverse design (oblong/tetracurve) in cases of negative eccentricity. If the astigmatism involves both the graft and the host, a bitoric design is recommendable. In this case the role of eccentricity is minimised. If we found remaining astigmatism but a good fit, we selected a front toric design. Additionally in eight eyes (28.8%) we found an increased HOA RMS in comparison with nontreated eyes, which is comparable to the results of Yagci et al.
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Because of this sophisticated situation of the surfaces of graft and host, in most of the cases only rigid gas permeable contact lenses with special back design can solve all of these problems. 35237 Publications on the fitting of contact lenses after penetrating keratoplasty are rare and often limited to fitting of only one special contact lens back surface design. Some authors describe them among a group of different corneal pathologies. Several publications are small case series or clinical opinions and none of them describe the correlation between the corneal surface and the choice of the contact lens design.
35237
To our knowledge this is the first study to demonstrate the use of rigid gas permeable contact lenses with different back designs depending on the corneal conditions (eccentricity) and to include a long term follow up of the patients of about 15 months.
We were able to fit all of our patients with contact lenses and to achieve improvement of the visual acuity and good contact lens tolerance. There were no severe complications in any of the cases.
In our opinion the most important changes in the corneal design are those towards the periphery of the cornea, which are expressed by the eccentricity. Depending on the eccentricity, contact lenses with different back surface designs can be chosen for fitting. Nevertheless individual conditions have an essential role.
Contact lenses are one alternative for correction of high or irregular astigmatism after penetrating keratoplasty that involve minor risks and bring good visual results. In our opinion, contact lenses with special back surface design can minimise problems in contact lens fitting and can improve the tolerance and the visual results. We recommend this procedure especially in cases of poor operative prognosis, for patients who decline further surgical interventions or for early postoperative correction of astigmatism.
